Polymethoxylated flavonoids occur in a number of plant families, including the Lamiaceae. To date, the metabolic pathways giving rise to the diversity of these compounds have not been studied. Analysis of our expressed sequence tag database for four sweet basil (Ocimum basilicum) lines afforded identification of candidate flavonoid O-methyltransferase genes. Recombinant proteins displayed distinct substrate preferences and product specificities that can account for all detected 7-/6-/49-methylated, 8-unsubstituted flavones. Their biochemical specialization revealed only certain metabolic routes to be highly favorable and therefore likely in vivo. Flavonoid O-methyltransferases catalyzing 49-and 6-O-methylations shared high identity (approximately 90%), indicating that subtle sequence changes led to functional differentiation. Structure homology modeling suggested the involvement of several amino acid residues in defining the proteins' stringent regioselectivities. The roles of these individual residues were confirmed by site-directed mutagenesis, revealing two discrete mechanisms as a basis for the switch between 6-and 49-O-methylation of two different substrates. These findings delineate major pathways in a large segment of the flavone metabolic network and provide a foundation for its further elucidation.
The production of "secondary" or specialized metabolites is part of the chemical defense, ecological adaptation, and signaling mechanisms of plants (Wink, 2008; Pichersky and Lewinsohn, 2011) . Starting from common precursors, plants produce arrays of specialized compounds using several recurring strategies, including transfer of acyl, sugar, or methyl moieties, often requiring prior hydroxylation steps. Such modifications change not only the physicochemical but also the physiological properties of metabolites (Gang, 2005; Wink, 2008; Pichersky and Lewinsohn, 2011) . O-Methylation is found in nearly all classes of specialized metabolites, such as alkaloids, phenylpropanoids, and flavonoids (Gang, 2005; Roje, 2006) , and is an ancient method of modifying metabolites in plants. For example, the wide distribution of polymethoxylated flavonoids (PMFs) that are well known from the Lamiaceae, Asteraceae, and Rutaceae families (Wollenweber and Dietz, 1981; Emerenciano et al., 1987) but also occur in ferns (Cooper-Driver, 1980; Wollenweber, 1989) attests to the ancient origin of this biosynthetic capacity. Learning how arrays of such compounds are produced is a critical component to developing an understanding of how plants evolve new biosynthetic capacities.
Sweet basil (Ocimum basilicum) is a culinary herb belonging to the mint family that also serves as a model system to investigate specialized metabolism in specific cell types in plants. The volatile compounds defining the flavor of basil are produced by the secretory cells and then stored in the oil cavity under the elevated cuticle of the peltate glandular trichomes on the leaf surface (Werker et al., 1993; Gang et al., 2001) . Basil also produces PMFs, whose occurrence and distribution in a number of basil cultivars have been studied in detail (Xaasan et al., 1980; Grayer et al., 1996 Grayer et al., , 2000 Grayer et al., , 2001 Vieira et al., 2003) . Whereas the total PMF amount is probably controlled by the activity of early phenylpropanoid-acetate pathway enzymes, the relative amounts of compounds differing from each other by a methyl or a methoxyl group depend on the late, "decorative" steps, such as 6-, 7-, 8-, 39-, or 49-methylations and 6-, 8-, or 39-hydroxylations. Nothing is known about the flavonoid 6-and 8-hydroxylases in the Lamiaceae, while flavonoid O-methyltransferases (FOMTs) from this plant family have received some attention. Five FOMTs from peppermint (Mentha 3 piperita) were used for in vivo diversification studies (Willits et al., 2004) . However, due to the intended biotechnological application in that study, the potential substrates chosen represented a broad range of flavonoid aglycones rather than physiologically relevant compounds. The studied O-methyltransferases (OMTs) methylated both unmethylated and monomethylated flavonoids, prompting a suggestion that the methylation order may not be essential in that plant. Thus, neither the architecture of the PMF network in the mint family nor the factors critical to the production of species-specific PMF profiles and increase of their diversity have been identified.
In this study, we investigated methylation processes leading from apigenin, a common early flavone, to salvigenin (SALV), its 6-hydroxylated, 6,7,49-trimethylated derivative. Detailed characterization of the major FOMTs derived from a basil trichome EST database suggested that they play dedicated roles in vivo, allowing us to propose the most favorable metabolic routes and to predict the key intermediates in a large segment of the network. Structural studies disclosed how very subtle changes lead to a switch between the 49-and 6-OMT regioselectivity and two distinct mechanisms affecting this switch. Integration of the biochemical with metabolic and transcript data supported the designated functions for individual FOMTs.
RESULTS

Choice of Basil Lines for an Investigation of Flavone Biosynthesis
Extracts from four standard sweet basil lines (EMX-1, Sweet Dani [SD] , SW, and MC; Gang et al., 2001; Iijima et al., 2004; Kapteyn et al., 2007; Xie et al., 2008 ) contained the major flavonoids known in this species (Grayer et al., 1996 (Grayer et al., , 2001 , with SALV and nevadensin (NEV; Fig. 1 ) being most abundant. Total flavonoid amounts and abundances of putative intermediates were significantly higher in lines SD and EMX-1 compared with SW and MC, while the overall profiles were not identical ( Fig. 2A) . Lines EMX-1 and SD, therefore, were chosen for further study.
A previous investigation indicated that flavonoids are stored in the subcuticular space of peltate glands in peppermint (Voirin et al., 1993) . Therefore, we used stretched glass capillaries to collect the "oil" from the subcuticular space of sets of 150 randomly chosen peltate glands of an approximately 3-cm-long SD or EMX-1 leaf and compared the nonvolatiles in this oil with the flavone profile in the intact second leaf of the leaf pair (Fig. 2 , B and C). Major flavonoids found in leaf extracts, such as the flavones SALV, NEV, gardenin B (GARD B), 8-hydroxysalvigenin (8-OH-SALV), cirsimaritin (CIRM), ladanein (LAD), and apigenin-7,49-dimethyl ether (API-diMe; for structures, see Fig. 1 ), were easily detectable in these microextracts from trichomes. Given the small number of trichomes collected, the abundance of flavones in the oil seems very high, implying directed accumulation in this compartment (Supplemental Fig. S1 , A-D). In comparison, rosmarinic acid, a relatively hydrophilic phenolic compound abundant in leaf extracts, was barely detectable in the collected oil and thus is likely to be equally distributed in the leaf tissue (Supplemental Fig. S1 , E-H). The relative amounts of individual flavones in trichome extracts do not exactly mirror the leaf PMF profile (Fig. 2 , B and C). Several consistent trends, such as lower relative abundances of pilosin (PIL; Fig. 1 ), CIRM, and LAD, could indicate a partitioning into a different location (e.g. secretory cells, leaf surface, or mesophyll) for specific PMFs. Alternatively, these discrepancies could be due to variable flavone blends in individual trichomes (e.g. according to their location on the leaf, as was observed for terpenes in peppermint; Maffei et al., 1989) . However, random collection of five separate replicate sets of trichomes for each plant yielded highly consistent results and indicates that such variations are likely to be minor. Overall, our results suggest that the majority of the PMFs are primarily if not exclusively stored in the subcuticular oil of the trichomes. These findings show that the glandular trichome system is an appropriate tool for the investigation of the PMF metabolic network.
In Silico Analysis of Candidate Basil FOMTs
While both cation-dependent and non-cationdependent OMTs (Noel et al., 2003) are represented by numerous contigs in our sweet basil EST database (Gang et al., 2001) , the more abundant and diverse group, the non-Mg 2+ -dependent OMTs, was previously reported to encode FOMTs (Willits et al., 2004) . BLAST searches using a peppermint F7OMT protein sequence revealed several candidate F7OMTs from basil. One of the best matches was subsequently used to perform a BLAST search against the EST database. The resulting group is composed of 15 contigs, three of them representing full-length transcripts. The two most abundant putative F7OMT contigs (termed ObFOMT1 and ObFOMT2 and shown in Fig. 3 , which will be discussed further below) contain ESTs from all four basil lines, are among the most highly expressed genes in our libraries, and are 94% identical. The remaining 13 polypeptides encoded by minor contigs share 98% to 100% identity with one of the major F7OMTs. The identity of these proteins with the peppermint F7OMT amounted to less than 68%. For comparison, many methyltransferases with conserved functions, such as caffeic acid OMTs, often share more than 80% identity across the plant kingdom.
We followed an analogous strategy to identify the proteins engendering the 49-O-methylations, yielding 20 contigs, with one of them full length and three missing just two to three amino acids at the N terminus. The putative F49OMT subfamily is more diverse than the F7OMTs, with identities between individual proteins ranging from 87% to 100%. Again, the two most abundant contigs, termed ObFOMT3 and ObFOMT4 (Fig. 3) , seemed to represent two clades of the F49OMT subfamily. Whereas numerous minor contigs were more than 96% identical to one of the major contigs, two contigs stood out by having a lower level of identity to ObFOMT3 or ObFOMT4. The protein termed ObFOMT5 and encoded by a contig with 28 ESTs is 92% identical to ObFOMT3, whereas the protein ObFOMT6, encoded by a very minor (two ESTs) contig, is 92.6% identical to ObFOMT4 ( Fig. 3 ; Supplemental Table  S1 ). Because the activities and substrate preferences of non-Mg 2+ -dependent O-methyltransferases have been shown to switch dramatically by a change in just a few amino acids in several instances (Frick and Kutchan, 1999; Wang and Pichersky, 1999; Frick et al., 2001; Gang et al., 2002; Scalliet et al., 2008; Joe et al., 2010) , we chose to study these six putative FOMTs in detail.
Functional Expression and Biochemical Characterization of F7OMTs
The recombinant proteins of all six FOMTs chosen for further characterization were produced in Escherichia coli. An N-terminally fused 63 His tag facilitated their purification to near homogeneity (Supplemental Fig. S2 ). Both basil F7OMTs accepted a broad range of substrates including flavonols such as kaempferol and quercetin, thus being similar to peppermint F7OMTs (Willits et al., 2004) . Because basil is only known to accumulate lipophilic flavonoids lacking the 3-hydroxyl moiety (Grayer et al., 1996 (Grayer et al., , 2001 Vieira et al., 2003) , we collected physiologically relevant compounds (flavanones and flavones; for a list of trivial, abbreviated, and International Union of Pure and Applied Chemistry names of the flavonoids used in this study, see Supplemental Table S2 ), including some produced using our FOMTs, and offered them to both F7OMTs. As judged by relative activities at high flavone concentration (100 mM), both ObFOMT1 and ObFOMT2 prefer apigenin (API) and luteolin (LUT) to scutellarein (SCU; for structures, see Fig. 1 ; Table I ). However, kinetic parameters revealed much higher catalytic efficiency (k cat /K m ) of both F7OMTs with API than with LUT and even more so with SCU (Table II) .
Within our substrate screen, we noted a striking difference between the relative activities with SCU, a fairly good substrate, and its 6-O-methylated derivative hispidulin (HISP; Fig. 1 ), which is barely methylated by both F7OMTs (Table I) . These data are important , accumulated but less relevant in this study; red (GENK, API-diMe, LAD, CIRM, SALV), accumulated in appreciable amounts and relevant to this study; blue (API, SCU7Me), key intermediates suggested by this work. Flavonoid backbone numbering and ring nomenclature are indicated on the API structure. For arrow codes, see key at top right. 7-O-Methylation of luteolin is not indicated for space reasons, but it is likely to occur.
for our mapping of metabolic routes in vivo, as they suggest that, at least with these two F7OMTs, 7-Omethylation has to precede the 6-O-methylation, and if the latter occurs before the former, the products are potentially diverted into a branch leading to compounds like NEV carrying a free 7-hydroxyl group.
The affinities of ObFOMT1 and ObFOMT2 were quite high for API and for the methyl donor, Sadenosylmethionine (SAM), as reflected by the low apparent K m (Table II) . The respective demethylated product, S-adenosylhomocysteine (SAH), inhibits the reaction by 32.2% (ObFOMT1) and 27.7% (ObFOMT2) when supplied at one-half concentration of SAM (100 mM). Competitive inhibition by SAH is a common feature of O-methyltransferases (Clarke and Banfield, 2001) . Some product inhibition is also exerted by 10 mM Figure 2 . Flavones in sweet basil lines and their localization. A, Representative UV 335 traces of extracts from four basil lines. Peak labels refer to the flavone designations in Figure 1 . Peaks labeled RA, NA, and NB are rosmarinic acid and nepetoidins A and B, respectively. The key on the right indicates basil lines and fresh weight of ground tissue (sixth leaf pair from seven-leaf-pair stage plants) used for extraction using an identical procedure for all lines described in "Materials and Methods." mAU, Milliabsorbance units. B and C, Relative abundances of major flavones in directly collected essential oil versus leaf extracts from lines SD (B) and EMX-1 (C). Total mass signal for the compounds shown was set as 100%. 8-OH-SALV and NEV were not separated and were quantified as one compound. Results are means 6 SE from five biological replicates. (Ibrahim et al., 1998) to other published OMTs of this class were inferred using the neighbor-joining method (Saitou and Nei, 1987) . Only bootstrap values greater than 70% are presented. Bootstrap values next to branch labels refer to the node at the base of a compressed subtree. Scale is in substitutions per amino acid. Branch labels of the type b xxxx (where xxxx indicates designations containing four digits) are the contig numbers in our basil EST database. The compressed COMTs (caffeic acid, or catechol OMTs) branch contains numerous published flavonoid 39-and 39/59-OMTs. For protein designations and accession numbers, including those in selected compressed branches, see "Materials and Methods." MEGA5 (Tamura et al., 2011) was used for tree construction. Outgroup JQ1393ODPO is an O-demethylpuromycin OMT from S. anulatus. genkwanin (GENK), which reduced the O-methylation of 10 mM API by 22.5% (ObFOMT1) and 7.1% (ObFOMT2). Both flavonoid 7-O-methyltransferases studied possessed very similar properties. The possibility of their temporal/spatial complementarity is addressed below. Because the intermediate occurrence of LUT, SCU, and above all API is very likely, it appears that the latter may serve as the natural substrate for both basil F7OMTs.
Functional Expression and Biochemical Characterization of F49OMTs (F6/49OMTs)
All common flavones were methylated by the putative F49OMTs under long incubation times with excess protein ("max" reactions). However, analysis of products from O-methylation of SCU, the simplest 6-hydroxylated flavone, exposed distinct behavior between the four proteins. ObFOMT5 carried out both 6-and 49-O-methylations, whereas ObFOMT3 mostly yielded HISP and smaller amounts of scutellarein-49-methyl ether (SCU49Me; Fig. 1 ). ObFOMT4 and ObFOMT6 only acted as 6-OMTs. In max reactions, three of the four proteins converted the monomethyl ethers of SCU into its 6,49-dimethyl ether, pectolinarigenin (PECTOLI; Fig. 1 ). Only with ObFOMT4 did the reaction virtually stop after the first step (Supplemental Fig. S3A , traces 1, 3, 6, and 7).
Another substrate that the four F6/49OMTs acted differentially upon was scutellarein-7-methyl ether (SCU7Me). Whereas ObFOMT5 yielded almost exclusively the 49-O-methylation product LAD next to minuscule amounts of CIRM, ObFOMT3 almost immediately converted what little it made of CIRM into SALV. Therefore, the regioselectivity of these two FOMTs was altered compared with the products obtained with SCU. Longer incubation with SCU7Me resulted in complete 6-and 49-O-methylation and thus SALV as a final product with ObFOMT3, ObFOMT5, and ObFOMT6. Time-course monitoring indicated that LAD was a better substrate for ObFOMT3 than for ObFOMT5, as the latter only started methylating LAD when very little SCU7Me was left. This is in line with the relative turnover rates of ObFOMT3 and ObFOMT5 with LAD (Table I) . Only ObFOMT4 acted strictly as a 6-OMT and seemed unable to carry out the subsequent 49-methylation of CIRM (Supplemental Fig. S3B ). This distinct activity of highly similar proteins with SCU and SCU7Me clearly called for an investigation of structural elements causing the differences (see below).
Unexpectedly, all studied F6/49OMTs are capable of methylating scutellarein-7-O-glucuronide (SCIN). This implies that their substrate-binding sites must have a way to accommodate the bulky sugar acid residue at position 7 rather than the smaller hydroxyl or a more lipophilic methoxyl group. All four F6/49OMTs prefer a 6-OH residue as methyl group acceptor with SCIN (Supplemental Fig. S4 ). Subsequent 49-O-methylation was detectable only with ObFOMT3 as catalyst, but at a negligible rate. If the 7-glucuronide (or similar glycoconjugate) indeed occurs as an intermediate in planta, the sugar moiety would have to be cleaved off after the 6-O-methylation in order for the 49-methyl group to be introduced. The final overview of relative activities with relevant collected substrates revealed that all four F6/49OMTs performed best with partially methylated flavones (Table I) . Strong and distinct preference of one acceptor moiety allowed the grouping together of ObFOMT4 and ObFOMT6 as predominantly 6-O-methyltransferases. On the other hand, ObFOMT3 and ObFOMT5 could be designated 49-OMTs. Of the four proteins, ObFOMT4 has the most stringent regioselectivity, its 49-O-methylating activity being negligible with all offered flavonoids except chrysoeriol (CHRYS; Fig. 1 ), an unlikely natural substrate.
Kinetic properties indicate LAD to be a better substrate than SCU7Me for ObFOMT4 and ObFOMT6 (Table II) . The dimethylated substrate CIRM is also strongly preferred by ObFOMT3 over the monomethylated SCU7Me. Only ObFOMT5 kinetically prefers SCU7Me over CIRM. With sufficient SAM supply, the reactions easily proceed to full turnover, ruling out product inhibition. These properties imply that the abundance of SCU7Me might affect the relative abundances of three methylation products: CIRM, LAD, and SALV. As illustrated by Supplemental Figure S5 , high amounts of SCU7Me favor higher relative abundances of CIRM and LAD when incubated with both ObFOMT3 and ObFOMT4. In the presence of lower concentrations of SCU7Me, CIRM and LAD outcompete it more easily and serve as preferred substrates, resulting in SALV as a major product.
An important regulatory mechanism to consider was inhibition of F6/49OMTs by flavones that are poor or not substrates but are likely to occur in the cell. SALV was not a promising candidate because, as mentioned above, both ObFOMT4 and ObFOMT3 easily convert all supplied LAD and CIRM, respectively, into this common final product. Instead, we incubated ObFOMT4 with 5 mM LAD, its best substrate, and 5 mM CIRM, the flavone it produces from SCU7Me but does not methylate further. The yields of SALV only reached 73.7% of the uninhibited reaction, suggesting product inhibition by CIRM. This effect was not exerted by LAD in analogous experiments for ObFOMT3.
ObFOMT3 could also be the enzyme that forms APIdiMe in vivo by 49-methylation of GENK, even though it is not clear whether API-diMe originates from 49-or 7-methylation as the first step (Table I) . Kinetic analysis of this reaction revealed that GENK inhibits turnover at concentrations above 2.5 mM (substrate inhibition) and reaches half-maximal velocity at approximately 130 nM (Table II) . ObFOMT5 behaves similarly, with substrate inhibition setting in at GENK concentrations above 10 mM.
A feature of all characterized F6/49OMTs that distinguishes them from the F7OMTs and might prove important to physiological processes is the significantly lower affinity (relative to F7OMTs) for the cosubstrate, SAM, reflected by apparent K m values between 21 and 78 mM (Table II) . We tested whether the SAM/SAH balance would affect the product profile by monitoring reactions with SCU7Me as substrate for ObFOMT3 and ObFOMT4 at 0, 25, or 50 mM SAH in the presence of 400 mM SAM. The relative abundances of the three products do change substantially as SAH concentrations change (Supplemental Fig. S6 ). Not surprisingly, the second methylation step, which relies on products formed in the first, is affected more than the first methylation of directly supplied SCU7Me. While EST and proteomics analyses of glandular trichomes from young leaves (Xie et al., 2008) clearly showed that the SAM cycle enzymes are among the most abundant in basil glandular trichome secretory cells, the SAM/SAH ratio may well be different in trichomes from the older leaves used in this analysis.
As a result of substrate screening, SCU7Me emerged as a good substrate for all FOMTs we characterized that were not F7OMTs. SCU7Me is also the latest possible common precursor for CIRM and LAD. Based on kinetic properties of the putatively involved OMTs, the abundance of SCU7Me might affect the relative abundances of CIRM, LAD, and SALV (see above), making it a key intermediate in the metabolism of 5,6,7,49-hydroxylated flavones in basil. Metabolic routes passing through SCU7Me as a precursor of all higher methylated flavones are highly favored (Table I) . Conversely, the turnover rates are much lower in the reaction sequence beginning with the 49-O-methylation of API or SCU and including 7-O-methylation as the second step. The 7-O-methylation activities with 6-methoxylated substrates represented by HISP and nepetin (NEP; Fig. 1 ) are close to negligible. Therefore, it seems likely that the formation of both LAD and CIRM should proceed via a 7-O-methylation as the first step, which can occur either on SCU or on API, which is the best substrate of the F7OMTs.
Flavone Methylation in Basil Trichome Protein Extracts
Only non-cation-dependent FOMTs have been reported to methylate positions 7 and 49 (Schröder et al., 2004; Willits et al., 2004) , whereas earlier published studies of flavonoid 6-OMTs identified responsible proteins as SAM-and Mg 2+ -dependent enzymes (De Luca and Ibrahim, 1985a; Ibdah et al., 2003) . Such putative phenylpropanoid-flavonoid Mg 2+ -dependent OMTs (Ibdah et al., 2003) are quite abundant in our EST database. However, our results revealed that several recombinant non-Mg 2+ -dependent FOMTs can efficiently and selectively catalyze 6-O-methylation. To estimate the respective importance of these OMT classes in flavone metabolism, we compared the methylating activities of crude desalted trichome protein from lines SD and EMX-1 with and without Mg 2+ . Such protein extracts were expected to comprise all or most of the FOMT activities present in the glands.
In these assays ( Fig. 4A ), SD protein extracts showed higher specific activities with all tested substrates. -dependent OMTs and those with PECTOLI/ NEV were conducted to demonstrate that F7OMT activities with these substrates are negligible with and without cation. Error bars indicate SD (n = 3). C and D, Methylation products in crude desalted protein extracts in the presence of Mg 2+ relative to their abundances without cation addition and SCU (C) or SCU7Me (D) as substrate. Error bars indicate SD (n = 2). *P , 0.05 (Student's unpaired two-tailed t test).
Highest turnover was measured with SCU7Me, consistent with our finding that it serves as an excellent substrate both for 6-and 49-OMTs. Only low activity was detectable with NEV and virtually none with PECTOLI (Fig. 4, A and B) . These two flavones have free 7-OH but methylated 6-and 49-OH groups and are not readily methylated by the two F7OMTs we characterized (Table I) . These results demonstrated that we have not failed to identify a divergent F7OMT that is specialized to accept these flavones. Instead, there is indeed only very low methylating activity toward both NEV and PECTOLI present in trichomes. This explains why NEV can accumulate in the trichomes and excludes PECTOLI and NEV as precursors of SALV and GARD B, respectively (Fig. 1) .
To probe the effect of Mg 2+ on 6-O-methylation by trichome proteins, we tested four potential substrates, SCU, SCU7Me, SCU49Me, and LAD. Neither the total turnover rates (Fig. 4B ) nor the formation rates of individual products with SCU and SCU7Me (Fig. 4 , C and D) supported significant involvement of Mg 2+ -dependent OMTs in 6-O-methylation. In fact, several reactions were inhibited by Mg 2+ when crude protein from trichomes was used in assays but not when recombinant individual FOMTs were tested in vitro (Supplemental Table S3 ). This effect is likely due to other FOMTs present in the protein preparations used. Importantly, a third flavone with mass-tocharge ratio 315 in positive ionization mode was formed by crude protein extracts with SCU7Me as substrate. Judging by a previous report (Greenham et al., 2003) and considering our knowledge about other dimethylated SCU derivatives, it is likely to be SCU5,7-dimethyl ether, a compound never reported to occur in basil. This product was barely detectable in assays without Mg 2+ and increased by over 700% upon addition of the cation, implying that it was formed by an Mg 2+ -dependent OMT (Fig. 4D) . The detection of this activity fortuitously provides an endogenous control for the inactivity of Mg 2+ -dependent OMTs in assays lacking externally added cation. It also implies that the involvement of the latter OMT class in 6-Omethylation is negligible in basil. This reaction thus presents another example of convergent evolution in plants, where the same regioselectivity is exhibited by proteins belonging to two different enzyme families.
The Basis for the Distinct Regioselectivities of F6/49OMTs
The high identity of the four ObF6/49OMT proteins (see above) dictates that their differential regioselectivity is determined by differences in just a few specific amino acid residues. Therefore, these proteins offer a unique opportunity to study structural elements that define the regiospecificity and substrate specificity within a group of closely related enzymes.
The crystal structures of several non-Mg 2+ -dependent OMTs have been solved (Zubieta et al., 2001 Liu et al., 2006; Louie et al., 2010) , and all have similar overall fold and catalytic mechanisms (Noel et al., 2003) . Basil FOMTs share the highest identity (30%-32%) and similarity (approximately 55%) to isoflavone 7-O-methyltransferase from alfalfa (Medicago sativa; IOMT [Protein Data Bank accession 1FP2]; Zubieta et al., 2001 ) compared with other OMTs with available structure data (Supplemental Fig. S7 ). Consequently, we used IOMT as a template for homology model construction.
The active sites of ObFOMT3 and ObFOMT4, as predicted by modeling, are slit shaped yet spacious enough to explain the acceptance of several different substrates, especially of planar molecules like the flavones (Fig. 5) . As has been found for all OMTs of this class, the N terminus of the dyad-related monomer contributes to shaping the back wall of the substratebinding site. In the case of basil FOMTs, the hydrophobic residues Trp-14 and Leu-18 will potentially accommodate the 7-OMe residue of SCU7Me when it is positioned for 49-O-methylation. In addition, Leu-289 could contribute to the hydrophobic pocket. Tyr-20 can form an H-bond with the 5-OH of the flavone backbone in ObFOMT3. His-241 is very likely to act as the catalytic base (Zubieta et al., 2001 . The overall shape of the active sites is identical in the three proteins (ObFOMT3-ObFOMT5) that we were most interested in.
One of our goals was to find a structural explanation for the stringent regioselectivity of ObFOMT4, whose activity is almost limited to 6-O-methylation, as opposed to ObFOMT3, which can act as either a 6-or 49-OMT, depending on the substrate. The difference is most evident with SCU7Me, a potential key intermediate of flavone metabolism. ObFOMT3 preferentially acts as a 49-OMT upon this substrate, while ObFOMT4 efficiently catalyzes only its 6-O-methylation. For the reactions to yield their respective products, SCU7Me has to be bound in opposite orientations. An analysis of the amino acid residues suggested by the models to line the substrate-binding site pointed out two residues of interest: Met-296 and Thr-292 in ObFOMT4, corresponding to Val-296 and Ile-292 in ObFOMT3 (Fig. 5) . Met-296 of ObFOMT4 might extend into the binding cavity, leaving less space for the C-ring of flavones bound for 49-O-methylation, thereby reducing the 49-OMT activity. The mode of its interference with substrate binding could not be deduced from the model, and detailed crystallographic investigations will be required in order to determine just how Met-296 might be involved in restricting 49-O-methylation. Thr-292 is positioned on the diagonally opposite side across from His-241, the probable catalytic base that deprotonates the acceptor hydroxyl group. This Thr can form a hydrogen bond with a 49-OH group of SCU7Me or SCU, stabilizing its binding orientation for 6-O-methylation.
Interestingly, our EST database contains several minor contigs encoding the C-terminal OMT fragment that differs from ObFOMT3 by just this I292T mutation (contigs basil_0688, basil_0489, and basil_0260). To assess the effect of this single amino acid substitution, we generated a single mutant of ObFOMT3, I292T. Its relative activities with our flavonoid substrate set indicated that the mutant was very similar to ObFOMT3 (Table I) . Only the turnover with naringenin-7-methyl ether (NAR7Me) was significantly higher. However, LAD's portion of the total products decreases from 90% in ObFOMT3 to 70% in this single mutant (Fig.  6A, trace 2) . Due to the high affinity of ObFOMT3 and presumably of its I292T mutant, the formed CIRM is rapidly converted into SALV as soon as its concentration in the assay is high enough to outcompete SCU7Me. Analogous behavior was displayed by the ObFOMT3 I292V mutant, confirming the effect of residue 292 on substrate orientation (76% LAD; Fig.  6A, trace 3) .
The single I292T mutation did not affect the high activity of the protein with CIRM while, nevertheless, affecting the regioselectivity (Table I ). In contrast, the double mutant of ObFOMT3, I292T/V296M, methylated CIRM at a much lower rate, in agreement with the steric inhibitory effect ascribed to Met-296, and the shift toward SCU7Me 6-O-methylation was even more pronounced (Fig. 6A, trace 4) . The two divergent Thr residues following Met-296 in ObFOMT4 were the next mutation target. The triple mutant of ObFOMT3, I292T/V296M/M297T, yielded almost exclusively CIRM as product (Fig. 6A) . Because the reciprocal triple mutant of ObFOMT4 did not produce significantly more LAD, we also carried out the fourth mutation, T298A in ObFOMT4 and the reverse in ObFOMT3. The product profile did not change visibly for ObFOMT3, but detectable amounts of LAD were formed by the ObFOMT4 mutant (Fig. 6A, traces 6 and 7) . The fact that the activity with LAD of ObFOMT4 mutants did not decrease but remained comparable to that with SCU7Me as substrate (Supplemental Table S4 ) suggests that SALV formation by ObFOMT4 triple and quadruple mutants (visible in traces 8 and 7 of Fig.  6A ) is due to the methylation of LAD produced in the first step from SCU7Me. In contrast, the reaction velocities with LAD increase gradually relative to those with SCU7Me as more mutations are introduced in ObFOMT3, reaching a maximum in the quadruple mutant (Supplemental Table S4 ).
The introduced mutations reduced reaction rates of ObFOMT3 and ObFOMT4 with SCU7Me. The activity of ObFOMT3 and ObFOMT4 quadruple mutants amounted to 1.71 and 0.75 nkat mg
21
, respectively, thus being moderately or strongly decreased as compared with wild-type enzymes (Table I ). Yet, the turnover rate of the ObFOMT3 quadruple mutant with LAD reached up to 3.08 nkat mg 21 , which exceeds the highest turnover rates found in ObFOMT3.
The second apparent difference between the F6/ 49OMTs was illustrated by the product profiles with SCU ( Supplemental Fig. S3A ). It was most interesting to identify the structural elements that modulate the methylation of SCU by ObFOMT3 and ObFOMT5 toward dominance of HISP and SCU49Me as respective products. The predicted flavone-binding sites of these two OMTs are conserved. This suggested that the different behaviors of these two proteins were caused by indirect effects on the proteins' conformation. The importance of the subunit interface in determining the shape of the substrate-binding site is a known feature of Mg 2+ -independent OMTs (Noel et al., 2003) . The models pointed out two residues (109 and 111) that are divergent in ObFOMT3 and ObFOMT5 and are also likely to affect the interaction between the subunits of the homodimer. Indeed, the product ratio of the C109S single mutant of ObFOMT5, and even more so of the C109S/T111A double mutant, shifted toward 6-methylation ( Fig. 6B ; Supplemental Table S5 ). Reciprocal mutations in corresponding positions of ObFOMT3 resulted in significantly increased formation of SCU49Me.
Another divergent residue we tested was Ser-181 (Gly-181 in ObFOMT3), which, being part of the conserved signature SAM-binding motif (Ibrahim et al., 1998) , could affect SAM binding and thus the shape of the substrate-binding pocket. We generated triple mutants for both ObFOMT5 and ObFOMT3. A comparison of the full substrate profiles for these triple mutants (positions 109, 111, and 181) revealed that their patterns became nearly identical to that of the reciprocal OMT (Table I ). Most striking was the effect on the turnover with CIRM relative to SCU7Me, which was strongly increased in the ObFOMT5 C109S/T111A/ S181G mutant and reduced in the reciprocal ObFOMT3 mutant. At the same time, the product profiles with SCU did not fully interchange. Both criteria (product profile with SCU and relative activities with SCU7Me/CIRM) indicate that residues 109 and 111 are primarily responsible for the achieved effects ( Fig. 6B ; Supplemental Table S5 ).
In summary, homology modeling-guided site-directed mutagenesis allowed us to identify important residues that strongly affect the 6-or 49-regioselectivity by two distinct mechanisms: either by direct interaction in the substrate-binding site, as shown for the ObFOMT3 and ObFOMT4 comparison, or by indirectly modulating the shape of the active site, as in the case of the ObFOMT3 and ObFOMT5 comparison. In the latter case, the exact nature of the interactions cannot be predicted using modeling. Real crystallographic data will be necessary to reveal the actual substrate-binding modes in individual cases.
Flavone Profiling and FOMT Expression over a Developmental Time Course
To assess whether the FOMTs described above play the proposed roles in vivo, we evaluated the correlation between accumulated metabolites and individual gene expression. Analysis of directly collected oil suggested that the flavones are predominantly localized to the subcuticular space of the peltate glands. However, transcript profiling required RNA isolation, which is not feasible using the glass capillary sampling technique. Therefore, we used whole leaf tissue as the source for metabolite and nucleic acid extraction. To recognize existing trends, we collected true leaf pairs of five plants of each line when they reached three-leafpair, five-leaf-pair, and seven-leaf-pair developmental stages. The youngest leaf pair (fourth, sixth, and eighth, respectively) was not analyzed because it would not yield enough material for both analyses.
The total flavone patterns are fairly conserved over the monitored time periods but exhibit some differences between the two basil lines ( Fig. 7; Supplemental  Fig. S8 ). For example, the concentrations of individual compounds increase steadily toward the youngest leaf in SD plants, while in EMX-1, the youngest leaf contains less flavones per gram fresh weight than the second youngest. In both lines, SALV is the major 8-unsubstituted flavone. Importantly, the amounts of SALV's precursors CIRM and LAD relative to total flavone accumulation were higher in EMX-1 (11%-18%) compared with SD (4%-11%) leaves; moreover, the content of LAD relative to CIRM was 7% to 12% higher in EMX-1. The relative concentration of APIdiMe was nearly doubled in SD compared with EMX-1 but was generally less than 10% of the total flavone content. GENK is not shown in the diagrams but can be detected in most samples in slightly lower amounts than API-diMe. A peak with mass signal of mass-tocharge ratio 301 eluting at the retention time of SCU7Me, the preferred substrate for major basil F6/ 49OMTs, is present in amounts of up to 1.5 mg g 21 fresh weight in numerous but not all samples. Evaluation of relative flavone amounts in successive leaves revealed a consistent increase toward the youngest leaves in both basil lines in SALV's proportion of the total flavone content (e.g. from 24.2% in the first leaf pair to 33.5% in the seventh leaf pair in line SD, and from 28.2% in the oldest leaf pair to 33.5% in the seventh leaf pair in EMX-1; Fig. 7 ). The older SD leaves contained more CIRM and LAD as a percentage of total flavone content (9.48% and 3.61%) than younger leaves (4.85% and 1.66%). The latter trend is not pronounced in EMX-1.
The 8-substituted flavones detected were GARD B, PIL, NEV, and 8-OH-SALV. The relative concentration of GARD B was highest in youngest leaves, whereas PIL accumulation varied strongly between replicates. NEV and 8-OH-SALV were quantified as one compound due to separation difficulties. Their relative concentration increased by 11% to 15% toward older leaves in both basil lines. The opposite shifts in relative abundances of SALV and NEV/8-OH-SALV occur as the leaf expands and thus depend on leaf age. These shifts will probably be explained when we elucidate the underlying biosynthetic steps.
A comparison of corresponding leaf positions over the developmental time course suggests that total flavone content in mature leaves reaches a certain maximum after which production ceases. For example, the oldest leaves of EMX-1 and SD contain approximately 47 and 30 mg flavones g 21 fresh weight when the plants have five leaf pairs, which compares very well with 45 and 25 mg g 21 found in plants with seven leaf pairs ( Fig. 7; Supplemental Fig. S8 ). Except for the youngest EMX-1 leaf pair, the flavone concentrations decrease in expanding leaves that are gaining fresh weight. For example, the flavone content in the fourth leaf pair of EMX-1 and SD decreases from 173 and 209 mg g 21 fresh weight at the five-leaf-pair stage to 144 and 149 mg g 21 at the seven-leaf-pair stage, respectively. Exclusive biosynthesis and accumulation of flavones in peltate glands that stop metabolic activity after their maturation provide the best explanation for this observation.
In order to estimate whether the studied FOMTs may indeed contribute to the differences in flavone profiles between the two basil lines, as well as between leaves of different ages in agreement with their biochemical properties, we analyzed their relative expression levels using quantitative reverse transcription-PCR in all leaf pairs of seven-leaf-pair stage plants. We were looking for subtle differences, since the flavone profiles are overall similar. Clearly, even though the same tissue was used for metabolite and gene expression analyses, the results of these experiments should be interpreted with caution, as transcript levels for selected genes may not reflect the overall enzymatic activities present in the glands. ObFOMT6, which is encoded by only two ESTs and has essentially the same activity as ObFOMT4, was not analyzed. The trends in FOMT expression were compared with those of flavone synthase (FNS), a core flavone metabolism gene whose expression in nontrichome leaf tissue is expected to be low to negligible (Grayer et al., 2002) . Chalcone synthase, the first committed enzyme of the flavonoid pathway, would be less suitable, as it is involved in leaf flavonoid glycoside biosynthesis. FNS transcript levels were highest in the youngest leaves and reached comparable levels in both lines (Fig. 8) . The absence of correlation with the much lower flavone content of the youngest leaf pair of line EMX-1 (Fig. 7) suggests that FNS expression is not the key limiting factor for flavone accumulation. Indeed, the level of chalcone synthase expression/activity may exert control over the total flux (Knogge et al., 1986; Morreel et al., 2006) . As mentioned above, monitoring the chalcone synthase transcripts in our experimental setup did not appear appropriate.
The expression levels of all five methyltransferases decreased as the leaves aged in both lines. Between the sixth and seventh leaf pair in line SD, the difference was 2-to 2.5-fold. This difference was even more pronounced in EMX-1 leaves, ranging between 3-and 5-fold. This result was not altogether surprising, since, as discussed above, the total amount of flavones is expected to be determined by the activity of core flavonoid pathway proteins. Overall, both FOMT and FNS expression levels drop dramatically as leaves get older. In agreement with metabolite accumulation data, this strongly implies that the localization of the external flavone production machinery is restricted to peltate glands, whose formation and maturation were earlier found to be completed long before the leaf reached its final size in basil (Werker et al., 1993) .
The abundance of individual FOMT transcripts was generally higher in young SD leaves compared with EMX-1, except for ObFOMT5, whose expression levels were similar in both lines. The expression profiles of both F7OMTs that appear to be biochemically redundant did not provide any evidence of their specialization or complementary function. Interestingly, the differences between the F7OMT abundances in corresponding leaf pairs of the two lines were consistently lower (1.3-to 2.8-fold) than the differences in relative abundances of ObFOMT3 (2.4-to 6.4-fold) and ObFOMT4 (2.0-to 5.2-fold). Lower relative expression of the two major 6/49-FOMTs in EMX-1 should favor higher relative amounts of LAD and CIRM in this line, agreeing with the metabolite data. The gene expression data also supported higher relative accumulation of LAD by line EMX-1 than by SD due to the already mentioned comparable expression level of ObFOMT5 and significantly lower abundances of ObFOMT3 and ObFOMT4. Whereas in SD, ObFOMT5 might be a less important player, in EMX-1, it is likely to contribute more noticeably to the conversion of SCU7Me into LAD. At the same time, the lower expression of ObFOMT4 in the same tissue results in slower turnover of LAD into SALV. In summary, keeping in mind the caveat stated above, the differences in metabolite profile appear to correlate with differential expression of appropriate FOMTs, which can be interpreted as strong evidence in support of their designated physiological functions.
DISCUSSION Functional Differentiation of Class II OMTs Contributes to Expansion and Fine-Tuning of Flavone Diversity in Sweet Basil
A phylogenetic analysis of the six basil methyltransferases (ObFOMT1-ObFOMT6) indicated that they belong to the "non-COMT" subfamily of the small molecule OMT class of O-methyltransferases (Gang et al., 2002; Noel et al., 2003; Gang, 2005) and form a clade with the peppermint F7-and F49OMTs that is separate from other FOMTs (Fig. 3) , suggesting a common origin. The peppermint F8OMT (Willits et al., 2004) and the putative basil F8OMT (b 0430), also members of the non-COMT subfamily, are more closely related to basil eugenol and chavicol OMTs than to F7-and F49OMTs. The identities of the Lamiaceae FOMTs to OMTs from other families are below 45%, suggesting that the FOMT clade began to diverge long ago or has undergone rapid diversification. The identities between the F7OMTs and F49OMTs from basil are around 51% to 53%, similar to what was found for FOMTs from peppermint (Willits et al., 2004) . None of the basil contigs matches the peppermint F39OMT (AAR09601) more closely than basil COMTs, whose function has been demonstrated previously (Gang et al., 2002) . This could be due to lower expression of the underlying gene(s) or to catalysis of this reaction by a divergent enzyme.
It was not surprising that the basil F7OMTs and F49OMTs are related to previously reported F7OMTs and F49OMTs that are also regioselective and non Mg 2+ dependent (Schröder et al., 2004; Willits et al., 2004; Kim et al., 2005 Kim et al., , 2006 Schmidt et al., 2011) . In contrast, our finding that 6-O-methylation is largely engendered by a small family of F49OMT-like, partly bifunctional class II small molecule OMTs in basil trichomes was rather unexpected, since both earlier studies regarding flavonoid (flavonol) 6-OMTs described Mg 2+ -dependent enzymes Ibrahim, 1985a, 1985b; Ibdah et al., 2003) .
While the preference for the 6-OH group as methyl acceptor is invariable in ObFOMT4, the regioselectivities of ObFOMT3 and ObFOMT5 are less stringent and depend on the offered substrate. Comparison of the respective products formed with a series of related flavones revealed that the 6-O-methylating activity observed toward SCU gave way to 49-OMT activity when SCU7Me was offered as substrate instead, a phenomenon well explained by structural models. This means that the in vivo importance of ObFOMT3 and ObFOMT5 as 6-OMTs depends on the abundance of SCU as substrate, whereas in the presence of SCU7Me and CIRM, the preferred substrate of ObFOMT3, they function as flavone 49-OMTs. We must reiterate that both proteins are also capable of 6-O-methylating LAD, whose 49-OH is already methylated. Under cellular conditions, though, the 6-O-methylation of LAD will probably be carried out by ObFOMT4.
The high identity of the F6/49OMTs suggests that they evolved via gene duplication, a well-known process in plant specialized metabolism. Mutagenesis experiments revealed that the change of regioselectivity from 49-to 6-OMT can be achieved by a change in just three amino acid residues, whereas the reciprocal mutations did not result in a comparable activity shift. Thus, the 6-OMT activity could have evolved very rapidly and exerts, in its current specificity, a profound effect on the metabolic profile, enabling the production of CIRM from SCU7Me and strongly increasing the proportion of SALV, both by supplying CIRM for the F49OMTs and by 6-O-methylating LAD. Its impact may reach to 8-substituted compounds if, as is to be expected, LAD, CIRM, or SALV is partitioned into that branch of the flavone network. Likewise, our results show that the functional separation of ObFOMT5 from ObFOMT3 requires very subtle structural changes. These are interesting conclusions that can be drawn from this study but that also warrant more detailed investigations in the future in order to further test these hypotheses.
Rapid change of activities is a known feature of OMTs Pichersky, 1998, 1999; Frick and Kutchan, 1999; Gang et al., 2002; Scalliet et al., 2008; Bhuiya and Liu, 2010; Joe et al., 2010) . The evolution of a new activity has been shown to result in the production of a specialized metabolite as compared with the core metabolic activity of the ancestor protein (Wang and Pichersky 1998) or production of a new specialized metabolite specific to a species/variety (Gang et al., 2002; Scalliet et al., 2008) . Our results show how rapid functional differentiation of FOMTs was instrumental for the expansion of metabolic diversity within a growing network in one species. Similar processes are likely to occur in numerous other networks in other species.
The dedicated respective roles of ObFOMT1 to ObFOMT5 suggest that they can contain significant regulatory capacity, provided that they are indeed the major players involved. Obviously, 7-O-methylation is necessary for the supply of SCU7Me, a key substrate for 49-and 6-OMTs. However, it is not likely to shape the metabolic profile but rather to act as a potential limiting factor for the production of methylated flavones. At the level of flavone profile definition, the design of the methylation processes in basil determines that changes in the expression of either of the two main F6/49OMT genes will affect the accumulation of at least two compounds, the dimethylated and the trimethylated SCU derivatives. Large changes in the expression of either of these major genes would perturb the flavone profile. For instance, CIRM would be the major product and SALV would barely accumulate if the expression of ObFOMT3 were very low compared with ObFOMT4. Because of its lower efficiency with CIRM (Table II) , the presence of ObFOMT5 would primarily affect the formation of LAD. Very high F49/ 6OMT activities would favor the accumulation of SALV. Conversely, under conditions where the catalyst amounts are limiting, the relative abundance of these intermediates would be higher (Supplemental Fig. S5 ). In addition, the fact that none of the four F6/ 49OMTs alone will as efficiently produce SALV from SCU7Me as in combination with a complementary OMT (e.g. ObFOMT3 with ObFOMT4) potentially contributes to the accumulation of CIRM and LAD, as these intermediates have to be transferred to a different protein for the next methylation step. In other words, both the abundance of individual FOMTs relative to each other as well as relative to enzymes upstream and downstream of the respective FOMT's position in the flavone biosynthetic network may exert regulatory effects on the flavone composition in different basil lines. Whether the regulation in planta truly can occur through titration of FOMT activities is a question that requires a suitable experimental system with variable methylation levels in order to be answered. In addition, the activities of minor contigs and their contribution to the metabolic profiles require investigation. Thus, this work has set the stage in developing hypotheses that now need to be tested regarding fundamental aspects of regulation of the flavonoid network in basil glandular trichomes.
One interesting aspect not addressed by this study is the possibility of heterodimer formation, which might further modulate the catalytic capacities of the FOMTs. It is well established that methyltransferases of this class typically function as homodimers (Noel et al., 2003) . However, insect cells coexpressing combinations of four highly similar OMTs from Thalictrum tuberosum yielded products not formed by any of the individual OMTs, clearly demonstrating that heterodimers were formed in vivo (Frick and Kutchan, 1999; Frick et al., 2001 ).
Line-Specific Profiles of External Flavones Are Conserved throughout Plant Development in Basil
The general flavone accumulation patterns seem to be conserved in basil lines, similar to flavone profiles in peppermint (Voirin et al., 1994) . Monitoring the flavone composition at different plant growth stages indicated that it primarily depends on leaf age and not on the leaf's position on the stem. For example, we could observe a clear opposite shift of 10% to 15% in the relative abundances of SALV and NEV/8-OH-SALV (e.g. in the fifth leaf of both lines) analyzed at five-and seven-leaf-pair stages ( Fig. 7; Supplemental  Fig. S8 ). The shift is gradual, indicating that the underlying catalytic agents constitute the late phase of flavone metabolism, similar to menthone reductase and menthol acetyltransferase in essential oil production in peppermint (McConkey et al., 2000) . Likewise, an opposite trend was observed in relative abundances of GARD B and pebrellin, a potential precursor of GARD B lacking only the 6-O-methyl group, which was attributed to changes in the expression of a F6OMT (Voirin and Bayet, 1992) . This observation is in line with previous studies on terpene composition in basil (Johnson et al., 1999) , peppermint (Brun et al., 1991) , and thyme (Thymus vulgare; Yamaura et al., 1992) but contrasts with recent findings (Fischer et al., 2011) that the relative concentrations of several essential oil components in basil are strongly predetermined by the leaf position and vary little throughout leaf development.
Flavone accumulation patterns in successive leaf pairs at three plant development stages were typical of exclusive localization to glandular trichomes. The pattern is easy to recognize: the concentration of trichome-specific compounds is much higher in younger leaves that are still producing new epidermis cells and trichomes, and then the concentrations drop as the leaves expand. An important exception is represented by the youngest EMX-1 leaves. The flavone concentrations in this leaf pair were consistently lower than those in the second youngest leaf pair ( Fig. 6; Supplemental  Fig. S8 ). At the same time, the transcript levels of FOMTs and FNS followed the expected trichomeonly pattern in both lines, including the youngest EMX-1 leaves (Fig. 7) . So far, we have no data on whether FNS and FOMTs are induced by light. Yet, even if this were the case, the internode lengths between the top three leaves are so short that their respective light exposure is close to equal. This allows us to exclude light effects as the reason behind the metabolic and transcription patterns. The transcript pattern was also observed for chavicol and eugenol OMTs (Deschamps et al., 2006) that have been shown to be trichome specific (Gang et al., 2002) . The discrepancy between the metabolite and transcript levels in the youngest EMX-1 leaf pair suggests flux limitation by a core phenylpropanoid/flavonoid pathway enzyme. While all leaves that we analyzed already contained significant amounts of flavonoids, none were detectable in extracts from peppermint leaves smaller than 2.5 mm in length (Voirin and Bayet, 1992) , even though they already possess a considerable number of trichomes (Turner et al., 2000) . Also, the concentrations of methylchavicol did not significantly increase in several younger leaf pairs of EMX-1 plants with six and eight leaf pairs (Deschamps et al., 2006) . Potentially, there is a mechanism in both basil and peppermint that allows for the tight regulation of flavone/phenylpropanoid metabolism in young leaves and that is released more or less slowly in different lines/species, resulting in delayed accumulation of certain metabolites. In this work, we used combined approaches to gain insights into the metabolism of lipophilic flavones in basil trichomes as a model system. The same principles may apply to other species where similar compounds are produced by secretory structures. Detailed biochemical investigation of methylation processes led to the identification of a few superior, physiologically relevant substrates as well as highly favorable routes. The simplified network presented in Figure 1 points out the likely key intermediates, such as API and SCU7Me, the highly efficient metabolic conversions, such as the production of SALV both from CIRM and LAD (Table II) , and several steps that will not occur, such as the late 7-O-methylations of PECTOLI and NEV (Table I; Fig. 4, A and B) . In addition to directly addressed processes, we can make tentative predictions about steps we have not yet elucidated. For example, based on biochemical properties, API and not SCU is likely to be rapidly 7-O-methylated, making GENK a likely intermediate and a potential substrate for 6-hydroxylation by a currently unknown enzyme.
While the importance of the availability of catalytic capacities is self-evident, metabolic analyses provide hints that other factors are involved in defining the metabolic profile. For example, the accumulation of predicted intermediates LAD and CIRM alongside SALV in younger SD and EMX-1 leaves would not be expected, given the efficient methylation kinetics with both LAD and CIRM, the ample amounts of SAM as estimated by the abundance of SAM-salvage cycle transcripts and peptides (Gang et al., 2001; Xie et al., 2008) , as well as the high expression and presumed activity of the involved FOMTs in the young tissue. In addition, we detected some discrepancies between the flavone composition in directly isolated oil versus leaf extracts, implying that certain flavones (e.g. CIRM, LAD, and PIL) could be distributed between several compartments. Future quantitative analyses, especially with very few or individual trichomes, technology that is only now becoming available to us, will reveal what proportion of the total flavone amount remains in the secretory cells at different time points. Specific flavone profiles are likely to result, therefore, from enzyme capabilities, as well as the spatial and temporal colocalization of substrates/enzymes, transport for storage, and possible metabolon formation, as has been described for other metabolic networks (Jørgensen et al., 2005) . Interestingly, basil FOMTs contain motifs that could indicate peroxisomal localization as an alternative to cytosol, as predicted by the PSORT server. The menthol pathway in peppermint trichomes is known to be highly compartmentalized (Turner and Croteau, 2004; Croteau et al., 2005) . It is conceivable that the same applies to flavone metabolism in basil. Actual assessment of intracellular flavone transport, enzyme localizations, and metabolon formation will only become feasible after we complete the general elucidation of the biochemical network, as several central steps, such as 6-and 8-hydroxylations, are still obscure. While we have made an attempt to consider possible regulatory mechanisms, such as the effects that the abundances of the key substrate SCU7Me, other flavones, and SAH will exert (see "Results"), these experiments are limited at present by the lack of corresponding (sub)cellular metabolite profiling data. For example, detection of minuscule amounts of SCU7Me in leaf extracts does not exclude a high local shortterm accumulation. On the other hand, accumulation of CIRM and LAD in the plant does not immediately mean that they are still located in the catalytically active compartment when we extract them. Indeed, from our analysis of flavones in the subcuticular cavity, it seems possible that rapid transport of intermediates (e.g. CIRM and LAD) into this compartment withdraws them from further metabolic processing. Importantly, the characterization of the menthol pathway in peppermint strongly suggests that transport into the oil cavity might not be unidirectional, as the conversion of menthone into menthol occurs in the late phase, after the secretion of menthone into the oil cavity (McConkey et al., 2000; Croteau et al., 2005) . Thus, in addition to completion of biochemical studies, the identification and characterization of the transporters involved in intercellular and intracellular trafficking of these molecules will be a critical step in our efforts to understand how flavone metabolism is regulated in secretory tissue. A complete systems approach will likely be required to answer the important questions regarding the organization and regulation of the flavone metabolic network in basil glandular trichomes. and NAR7Me were a gift of Mark Berhow. LAD, SALV, SCU49Me, and SCU7Me were partially synthesized using FOMTs described in this paper. Their exact preparation and purification procedures will be described elsewhere. Unless noted otherwise, laboratory supplies were of analytical quality and purchased from common vendors.
MATERIALS AND METHODS
Chemical Sources
S-Adenosyl-[ 14 C-methyl]-L-Met
Plant Material Growth and Culture
Basil (Ocimum basilicum) seeds (lines EMX-1 and Sweet Dani) were germinated in vermiculite and individually repotted into SunGro mix. Plants were grown in growth chambers under a 16/8-h photoperiod and 28°C (24 h 
Metabolite Extracts
Five solvent systems as well as five potential internal standards were compared in method optimization. The final procedure was as follows. Basil leaf pairs were ground under liquid nitrogen with a mortar and pestle. A portion of frozen powder was used for RNA extraction for transcript profiling (see below). Up to 200 mg of frozen powder was exactly weighed and suspended in 2 mL of methyl tert-butyl ether:ethyl acetate:ethanol (2:1:1, v/v/v) mix for metabolite analysis. A total of 100 mL of 125 mM 4-bromo-6-chloroflavone (Indofine) in ethyl acetate was added as an internal standard. After extraction overnight at room temperature under constant shaking, the suspension was centrifuged at 21,000g for 10 min at room temperature, the supernatant was carefully removed and stored at -20°C, and the remaining tissue was extracted overnight with 1 mL of solvent mix as above. Combined extracts were dried under a stream of nitrogen, and the dry residue was dissolved in 500 mL of ethyl acetate. An aliquot of 100 mL was again dried under nitrogen, and the residue was dissolved in 100 mL of 1:1 methanol: liquid chromatography (LC) buffer (5 mM ammonium formate, 0.1% formic acid) with 50 mM 8-anilino-1-naphthalene sulfonic acid (Sigma) as an internal standard. Five microliters of this final solution was injected for LC-mass spectrometry (MS) analysis.
Metabolite and Enzyme Assay Analyses
An LC-MS system (LCQ Advantage system with Surveyor HPLC and photodiode array detector; Thermo) was used to analyze flavones from basil whole leaf extracts prepared as described above. Metabolites were separated on a Discovery HS C 18 column (150 3 2.1 mm, 3 mm; Supelco) kept at 40°C using a linear gradient of acetonitrile (B) and 5 mM ammonium formate-0.1% (v/v) formic acid buffer (A), 200 mL min 21 : 5% B in A for 2 min; 5% to 100% B in 53 min; 100% B for 5 min; 100% to 5% B in 2 min; column equilibration for 12 min. Positive mode electrospray ionization was applied for efficient ionization of polymethylated flavones. Tuning was carried out with API and API-diMe, resulting in similar ionization settings and efficiencies. Mass spectrometer settings were as follows: capillary at 275°C and 26 V, source 5.54 kV, sheath/sweep gas flow at 33/20. For collision-induced dissociation spectra, fragmentation was done using 45% to 55% normalized collision energy and either data-dependent or data-independent mode. Selected samples were also run on a Synapt G2 quadrupole-ion mobility spectrometry-time of flight mass spectrometer system (Waters) equipped with an Acquity UPLC system with photodiode array detector and an Acquity ultra performance liquid chromatography column (100 3 2.1 mm, 1.7 mm; Waters). The linear gradient was as above, except for flow rate of 400 mL min
21
: 0 min, 5% B; 0.86 min, 5% B; 9.69 min, 100% B; 10.52 min, 100% B; 11.02 min, 5% B; 13.02 min, 5% B. The Q-TOF-MS source was 3 kV at 130°C; desolvation temperature was 450°C; cone gas and desolvation gas flow were at 60 and 600 L h 21 , respectively. For MS e fragmentation, the transfer collision energy was ramped between 25 and 45 eV. NAR was used for tuning, and calibration accuracy cutoff was 5 ppm. LeucineEnkephaline (accurate mass of 556.2771) was used for LockSpray. Quantification was based on standard curves produced using serial dilutions of authentic compounds. Comparison of UV 335 and selected ion mass signals of LAD and SALV with those of CIRM afforded quantification of the two former compounds.
Total RNA Extraction
To obtain RNA for cloning purposes, isolated glandular trichomes were disrupted by gentle sonication (2-3 3 10 s in a Branson 450 Sonifier equipped with a microtip; Branson Ultrasonics), and RNA was isolated using the RNeasy Plant Mini Kit (Qiagen) as described previously (Gang et al., 2001 ) with an intermediate on-column DNA digestion step of 30 min at ambient temperature using 10 units of RQ1 DNase (Promega).
Total RNA for quantitative PCR was extracted from ground leaves of different developmental stages using the RNeasy Plant Mini Kit (Qiagen). RNA was eluted with 35 mL of water, passed twice through the membrane to increase concentrations. To remove contaminating DNA, the eluates were treated with TURBO DNase (Ambion) in a final volume of 100 mL. Final RNA concentration was determined using Nanodrop 2000 (Thermo).
Trichome Protein Extraction and Enzyme Assays
Isolated glandular trichomes were disrupted and centrifuged at 8,000g and 4°C for 10 min to remove the debris. The supernatant was desalted through a PD-10 column (GE Healthcare) and eluted in 50 mM Tris-HCl, pH 7.5. Protein was measured according to Bradford (1976) using Bio-Rad reagent; a standard curve (bovine serum albumin) was used to calculate protein concentrations. Enzyme activities were measured either in radioactive assays or using unlabeled SAM followed by LC-MS analysis. Assays were processed and analyzed essentially as described below for recombinant proteins. Two to 10 mg of native trichome protein was supplied per reaction. The linearity of reaction at 30°C was verified with respect to protein amount and incubation time. Flavone concentration was 100 mM, radioactive SAM was supplied at 400 mM, and unlabeled SAM at 1 mM. Control assays contained solvent instead of flavone substrate or were quenched by 6 N HCl prior to starting the reaction. Controls and assays with PECTOLI and NEV were incubated for 60 min. All other assays were incubated for 10 to 30 min.
Isolation, Cloning, Site-Directed Mutagenesis, and Heterologous Expression of Basil FOMTs
To identify candidate genes, we searched the basil EST database (Gang et al., 2001 ) using the BLAST algorithm with peppermint (Mentha 3 piperita) 7-Oand 49-O-FOMT sequences (Willits et al., 2004) . Primers used to obtain fulllength clones are shown in Supplemental Table S6 , which were subcloned into pCR2.1 TOPO vector (Invitrogen) followed by transfer to pET15b (Novagen) for expression. Site-directed mutagenesis was carried out using the PCR method or QuikChange Lightning kit (Agilent); primer sequences are given in Supplemental Table S7 . Expression in Rosetta 2 (DE3)pLysS cells (Novagen) with induction by 1 mM isopropyl-b-D-thiogalactoside was carried out overnight at 18°C to 20°C. Pelleted cells (3,000g, 4°C, 5 min) were suspended in binding buffer (50 mM potassium phosphate, 300 mM NaCl, pH 8.0, 5 mM imidazole, and 1% Tween 20) and disrupted by sonication. The clarified supernatant (15,000g, 4°C, 15 min) was loaded onto a nickel-nitrilotriacetic acid agarose matrix (Qiagen) that was preconditioned with the same buffer without Tween. The slurry was incubated for 1 h at 4°C under mild agitation. After washing with 8 volumes of washing buffer containing 20 mM imidazole, the proteins were eluted from the resin with buffer containing 250 mM imidazole, transferred into storage buffer (50 mM Tris-HCl, pH 7.5, 10% glycerol, and 1 mM dithiothreitol), and stored at -80°C.
Biochemical Characterization
For quantitative analyses, reaction conditions were chosen so that the reaction velocity was directly proportional to incubation time and protein amount. For kinetics measurements, saturating concentrations of the second substrate (flavone or SAM) were provided. Affinities for SAM were determined using API (ObFOMT1 and ObFOMT2), SCU (ObFOMT4), and CIRM (ObFOMT3 and ObFOMT5) as substrates. Kinetic parameters were derived from hyperbolic plots using nonlinear regression (Hyper.exe version 1.01; J.S. Easterby) and from classical linearization methods (e.g. Hanes).
The dependency of reaction rates on pH was determined in 50 mM sodium citrate-100 mM sodium phosphate buffer (pH 3.5-5.5), 100 mM potassium phosphate (pH 5.5-8.5), 50 mM Bis-Tris propane-HCl (pH 7.5-9.5), and 100 mM Gly-NaOH (pH 9.0-10.5). Tris, Bis-Tris, Bis-Tris propane, HEPES, TES, MES, and potassium phosphate at pH 7.0 were compared as buffer systems. Buffer concentrations were 100 mM except for Bis-Tris propane, which was 50 mM.
Radioactive assays were carried out in a total volume of 100 mL, stopped with 10 mL of 6 N HCl, and the products were extracted with 200 mL of ethyl acetate. After centrifugation for 3 min at 21,000g, an aliquot of the upper phase was added to 5 mL of Eco-Scint scintillation cocktail (National Diagnostics) and analyzed using a RackBeta 1215 scintillation counter (LKB). Relative reaction rates with a range of flavones were measured with 100 mM flavone and 100 mM SAM (ObFOMT1 and ObFOMT2), 200 mM SAM (ObFOMT3, ObFOMT3 I292V, and ObFOMT4), or 400 mM SAM (ObFOMT5 and ObFOMT6).
Unlabeled assays were carried out in a total volume of 100 mL under appropriate conditions, stopped with 10 mL of 6 N HCl, and the aqueous phase was extracted with 2 3 200 mL of ethyl acetate. After evaporating the combined organic phases, the dry residue was dissolved in 50 mL of 1:1 methanol:5 mM ammonium formate-0.1% formic acid LC buffer and analyzed using the LCQ or Synapt G2.
Sequence Similarity Analysis of Sweet Basil OMTs
Several BLAST searches against National Center for Biotechnology Information GenBank and basil EST database were conducted in order to collect currently known (putative) OMT sequences as comprehensively as possible. Contigs coding for all (putative) basil FOMTs as well as all other basil OMTs belonging to class II (Ibrahim et al., 1998) were collected. Duplicates (i.e. contigs encoding identical peptides) as well as peptides shorter than approximately one-third of the expected OMT length were removed. Resulting sequences were aligned using ClustalW version 2.1 at European Bioinformatics Institute (Larkin et al., 2007) with default settings. Sequence similarity relationships were inferred with MEGA5 (Tamura et al., 2011) using the neighbor-joining algorithm (Saitou and Nei, 1987) and 1,000 bootstrap replicates (Felsenstein, 1985) . Distance calculation was done by Poisson correction. The tree was rooted using Streptomyces anulatus O-demethylpuromycin OMT as outgroup. Selected clusters were compressed for better overview. Accession numbers of the proteins in Figure 3 are given below. Full alignment of all used sequences can be found in Supplemental Data Set S1.
Quantitative PCR
A relative quantification method (Schmittgen and Livak, 2008) was used to assess the abundances of transcripts. Primers are listed in Supplemental Table  S8 . A detailed assay and method description can be found in Supplemental Materials and Methods S1. The ELONGATION FACTOR1 gene served as a reference for normalization. For scaling, the relative expression of all genes in the sixth leaf pair of EMX-1 plants was set as 1. Five biological replicates of each leaf pair of both basil lines were analyzed.
Protein Structure Modeling
FOMT models were constructed using Modeller version 9 (Sali and Blundell, 1993) and IOMT from alfalfa (Medicago sativa; Protein Data Bank accession 1FP2; Zubieta et al., 2001) as the reference structure. The sequences for ObFOMT3 to -5 were simultaneously aligned to the sequence for the reference structure using ClustalW (Larkin et al., 2007) . For each model, the sequence for the model and the reference structure were removed from the multialignment and used as input into modeler. The isoflavone ligand from the reference structure was converted to SCU7Me and repositioned with the program O (Jones, 1978) . Models were viewed and rendered using UCSF Chimera (www. cgl.ucsf.edu/chimera).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Comparison of flavone and rosmarinic acid accumulation in basil leaves versus subcuticular cavities of peltate trichomes.
Supplemental Figure S2 . SDS-PAGE of affinity-purified basil FOMTs.
Supplemental Figure S3 . Products of SCU and SCU7Me methylation by ObFOMT3 to -6 and selected mutants.
Supplemental Figure S4 . Products of SCU methylation by ObFOMT3 to -6.
Supplemental Figure S5 . Effect of starting SCU7Me concentration on products formed by a combination of ObFOMT3 and ObFOMT4.
Supplemental Figure S6 . Effect of SAH on product profile formed by FOMT3 and FOMT4 from SCU7Me.
Supplemental Figure S7 . Annotated alignment of ObFOMT3 to -6 with IOMT from alfalfa that was used as a template for homology modeling.
Supplemental Figure S8 . Flavone profiles in successive leaf pairs of basil lines SD and EMX-1 at three-and five-leaf-pair development stages.
Supplemental Table S1 . Percentage of identities between ObFOMT1 to -6.
Supplemental Table S2 . Trivial, abbreviated, and International Union of Pure and Applied Chemistry names of flavonoids mentioned in this paper.
Supplemental Table S3 . Basic characterization of ObFOMT1 to -6.
Supplemental Table S4 . Relative activities of ObFOMT3 and ObFOMT4 mutants with SCU7Me, LAD, and CIRM.
Supplemental Table S5 . Relative activities of ObFOMT3 and ObFOMT5 mutants with SCU, SCU7Me, and CIRM.
Supplemental Table S6 . Primers used for full-length amplification of ObFOMT1 to -6.
Supplemental Table S7 . Primers used for site-directed mutagenesis.
Supplemental Table S8 . Primers used for quantitative PCR.
Supplemental Data Set S1. Full alignment of all sequences used for the construction of the neighbor-joining similarity tree in Figure 3 .
Supplemental Materials and Methods S1. Analysis of gene expression by quantitative PCR.
